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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM ABSTRACT
Assessments to determine whether agricultural pesticides are present in ground water are performed by the Commonwealth of Pennsylvania under the aquifer monitoring provisions of the State Pesticides and Ground Water Strategy. Pennsylvania's Department of Agriculture conducts the monitoring and collects samples; the Department of Environmental Protection (PaDEP) Laboratory analyzes the samples to measure pesticide concentration. To evaluate the quality of the measurements of pesticide concentration for a groundwater assessment, a quality-assurance design was developed and applied to a selected assessment area in Pennsylvania. This report describes the quality-assurance design, describes how and where the design was applied, describes procedures used to collect and analyze samples and to evaluate the results, and summarizes the qualityassurance results along with the assessment results.
The design was applied in an agricultural area of the Delaware River Basin in Berks, Lebanon, Lehigh, and Northampton Counties to evaluate the bias and variability in laboratory results for pesticides. The design-with random spatial and temporal components-included four data-quality objectives for bias and variability. The spatial design was primary and represented an area comprising 30 sampling cells. A quality-assurance sampling frequency of 20 percent of cells was selected to ensure a sample number of five or more for analysis. Quality-control samples included blanks, spikes, and replicates of laboratory water and spikes, replicates, and 2-lab splits of groundwater. Two analytical laboratories, the PaDEP Laboratory and a U.S. Geological Survey Laboratory, were part of the design. Bias and variability were evaluated by use of data collected from October 1997 through January 1998 for alachlor, atrazine, cyanazine, metolachlor, simazine, pendimethalin, metribuzin, and chlorpyrifos.
Results of analyses of field blanks indicate that collection, processing, transport, and laboratoryanalysis procedures did not contaminate the samples; there were no false-positive results. Pesticides were detected in water when pesticides were spiked into (added to) samples. There were no false negatives for the eight pesticides in all spiked samples. Negative bias was characteristic of analytical results for the eight pesticides, and bias was generally in excess of 10 percent from the 'true' or expected concentration (34 of 39 analyses, or 87 percent of the ground-water results) for pesticide concentrations ranging from 0.31 to 0.51 µg/L (micrograms per liter). The magnitude of the negative bias for the eight pesticides, with the exception of cyanazine, would result in reported concentrations commonly 75-80 percent of the expected concentration in the water sample. The bias for cyanazine was negative and within 10 percent of the expected concentration. A comparison of spiked pesticide-concentration recoveries in laboratory water and ground water indicated no effect of the ground-water matrix, and matrix interference was not a source of the negative bias. Results for the laboratory-water spikes submitted in triplicate showed large variability for recoveries of atrazine, cyanazine, and pendimethalin. The relative standard deviation (RSD) was used as a measure of method variability over the course of the study for laboratory waters at a concentration of 0.4 µg/L. An RSD of about 11 percent (or about ±0.05 µg/L) characterizes the method results for alachlor, chlorpyrifos, metolachlor, metribuzin, and simazine. Atrazine and pendimethalin have RSD values of about 17 and 23 percent, respectively. Cyanazine showed the largest RSD at nearly 51 percent. The pesticides with low variability in laboratory-water spikes also had low variability in ground water.
Quality-Assurance Design Applied to an Assessment of Agricultural Pesticides in Ground Water from Carbonate Bedrock Aquifers in the Great Valley of Eastern Pennsylvania
by Kevin J. Breen
The assessment results showed that atrazine was the most commonly detected pesticide in ground water in the assessment area. Atrazine was detected in water from 22 of the 28 wells sampled, and recovery results for atrazine were some of the worst (largest negative bias). Concentrations of the eight pesticides in ground water from wells were generally less than 0.3 µg/L. Only six individual measurements of the concentrations in water from six of the wells were at or above 0.3 µg/L, five for atrazine and one for metolachlor. There were eight additional detections of metolachlor and simazine at concentrations less than 0.1 µg/L. No well water contained more than one pesticide at concentrations at or above 0.3 µg/L. Evidence exists, however, for a pattern of co-occurrence of metolachlor and simazine at low concentrations with higher concentrations of atrazine.
Large variability in replicate samples and negative bias for pesticide recovery from spiked samples indicate the need to use data for pesticide recovery in the interpretation of measured pesticide concentrations in ground water. Data from samples spiked with known amounts of pesticides were a critical component of a quality-assurance design for the monitoring component of the Pesticides and Ground Water Strategy.
Trigger concentrations, the concentrations that require action under the Pesticides and Ground Water Strategy, should be considered maximums for action. This consideration is needed because of the magnitude of negative bias.
INTRODUCTION
In areas of Pennsylvania where pesticides are used extensively for agricultural purposes, there is concern about pesticides entering aquifers that supply water to wells and springs. The Pennsylvania Department of Agriculture (PDA) is the agency responsible for regulating pesticide registration and use, including protecting all environmental resources from deleterious effects of pesticides. The U.S. Environmental Protection Agency (USEPA) requires PDA to develop state management plans for five pesticides-alachlor, atrazine, cyanazine, metolachlor, and simazineidentified as either probable or possible human carcinogens with a potential to contaminate ground water. PDA developed a Pesticides and Ground Water Strategy (Pennsylvania Department of Agriculture, 1998) as an approach to managing pesticide use and preserving groundwater quality. The goal of the Strategy is to protect all drinking-water sources from degradation.
Monitoring for pesticides in ground water is an important component of the Strategy and is done statewide. The monitoring to determine the occurrence and distribution of pesticides in ground water of Pennsylvania evolved during 1996-97 to focus on spatial characterization. This focus has roots in the U.S. Geological Survey (USGS) National Water-Quality Assessment Program (Gilliom and others, 1995, p. 26) . Areas of the State are prioritized on the basis of geologic setting, hydrogeology, presence of agricultural lands and pesticide use, and on the availability of data from previous studies of pesticides in ground water (Lindsey and Bickford, 1999) . In addition to the five pesticides for which state management plans are required, PDA tests water samples for the herbicides pendimethalin and metribuzin and the insecticide chlorpyrifos due to the quantities that are used as determined by PDA pesticide-use surveys. A priority area for sampling is divided into subareas of equal size, and a single sampling location is randomly selected to start to represent each subarea. This is a "stratified random spatial" selection. To supplement the data from a single location in a subarea, PDA collects samples from and monitors additional wells for assurance that each subarea is adequately represented. The subareas were termed sampling cells.
To monitor ground water, the PDA regularly samples wells and submits the water samples to the Pennsylvania Department of Environmental Protection (PaDEP) Laboratory to analyze for the presence of pesticides in ground water at concentrations above the Maximum Contaminant Level (MCL) (Pennsylvania Department of Agriculture, 1998, p. 2) . A concentration of one-third of the MCL for any of the five pesticides in ground water triggers action by PDA. The concentrations for five pesticides that trigger action by PDA as part of the Strategy are summarized in table 1. The concentration of 1 µg/L (micrograms per liter) for cyanazine requires that laboratories analyzing ground-water samples for PDA are capable of measuring 0.3 µg/L of cyanazine. The 0.3 µg/L concentration is also the reporting level for the other pesticides.
Quality assurance of the laboratory analytical measurements and aspects of sample collection are also part of the monitoring component because data from PDA assessments are for regulatory pur-poses and data quality must be documented. Because pesticide concentrations in ground water are usually extremely small (usually smaller than one part per billion), quality assurance is a critical part of the monitoring component.
The USGS, in cooperation with PDA, completed the study described herein to demonstrate the application of a quality-assurance design to an assessment of an area prioritized for study by the monitoring component of the Pesticides and Ground Water Strategy. The USGS role was to develop the quality-assurance design, assist PDA in the application of the design to a selected assessment area, evaluate the results, and report the quality-assurance and assessment results.
Purpose and Scope
This report 1) describes a quality-assurance design developed primarily to evaluate the quality of laboratory analytical results for pesticide concentrations in ground water, 2) evaluates the bias and variability of laboratory results, and 3) summarizes quality-assurance data and data for pesticide concentrations in ground-water samples from the assessment area. The data used for the evaluation were collected from October 1997 through January 1998. The pesticides include five herbicides (alachlor, atrazine, cyanazine, metolachlor, and simazine) for which specific state management plans are required, two additional high-use herbicides (pendimethalin and metribuzin), and a high-use insecticide, chlorpyrifos. The ground-water data presented herein are for the 8 pesticides in water samples collected from 28 wells in the Delaware River Basin in eastern Pennsylvania. The wells were drilled into carbonate bedrock aquifers in agricultural areas of the Great Valley Section of the Ridge and Valley Physiographic Province.
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QUALITY-ASSURANCE DESIGN AND APPLICATION
The primary design goals were to (1) establish if there was bias in laboratory analytical measurements of pesticide concentrations, including determining whether results were free from field and laboratory contamination, and (2) define the variability of pesticide-concentration measurements in ground water. The evaluation of the bias and variability for measured concentrations had to be documented so that actions by PDA as part of the Pesticides and Ground Water Strategy were supported by quality-assurance information.
The design was used 1) to be confident that contamination (false-positive detections or contamination bias) introduced by samplecollection procedures and field and laboratory sample-processing activities was not the source of trace amounts of the eight pesticides in groundwater samples, 2) to be confident that falsenegative results would not be a problem and that a pesticide would be detected in ground water when the pesticide was present, 3) to quantify bias in pesticide recoveries, 4) to determine if bias was related to interferences from the ground water itself, and 5) to quantify overall variability in pesticide recovery.
Data-Quality Objectives and the Types of Quality-Control Samples
Four data-quality objectives are presented. The types of quality-control samples used to assess the objective are given in italics.
The first data-quality objective was that bias due to sample contamination from all processing sources (field processing, transport, and lab analysis) would not be found (concentration less than the detection level for the analysis). This objective was evaluated with field blanks.
The second data-quality objective was for small numbers (less than 5 percent) of false negatives (negative detection bias). Pesticides deliberately added to the samples of ground water and laboratory water (spikes) were used to evaluate this objective. Reagent-grade water was spiked (laboratory-water spikes) to determine detection and recovery in a sample matrix free of environmental interferences. Ground water was spiked (groundwater spikes) to determine detection and recovery in a sample matrix that may have properties that interfere with extraction or analysis. Unspiked ground-water splits submitted to two laboratories (2-lab splits) were another check on false-negative results.
The third data-quality objective was that the bias in the recovery would be within 10 percent of the 'true' (100-percent recovery) result. The laboratory-water spikes and ground-water spikes used for the second data-quality objective also were used to evaluate this objective. Recoveries and recovery percentages for both types of spikes were used to evaluate overall bias resulting from the sample matrix and other factors.
The fourth data-quality objective was that recovery variability would be low or small. On the basis of data presented by the USEPA (1995, p. 507-27) , a small variability would be 10 percent or less. This objective was evaluated with split replicate samples-duplicate samples of ground water and triplicate samples of spiked laboratory water. A single volume of water was split for each sample; thus, recoveries and recovery percentages for both types of replicates were used to evaluate overall analytical variability with sampling and sample-processing variability assumed constant within each replicate.
Design Components
The quality-assurance design had spatial and temporal components. The spatial design was primary and represented an area comprising 30 sampling cells assessed as part of the monitoring component for the PDA Pesticides and Ground Water Strategy during the 1997-98 field season. A quality-assurance sampling frequency of 20 percent of cells was selected to ensure a sample number of five or more for analysis. Sampling cells for the blanks, spikes, and replicates collected in the field were chosen by use of a random number table (Taylor, 1987, p. 274-275) ; thus, the term 'random spatial' design.
The temporal design component was intended to gather quality-assurance information throughout the field season. Because of the complex nature of pesticide analysis methods, results from laboratories can take months to be completed and made available. During a 3-to 4-month field season, it was reasonable to assume that some quality-assurance results might not be returned from the laboratory until after the season had ended. Visiting the selected randomly chosen cells at the beginning of the field season and submitting quality-control samples such as field blanks and selected spikes as early in the season as possible were emphasized. Laboratory-water spikes were to be analyzed at discrete intervals during the study period and were not randomly chosen cells. In this way, results were available across the sampling period.
Quality-Control Samples and the Role of the USGS Laboratories
Two analytical laboratories, the PaDEP Laboratory in Harrisburg, Pa., and the USGS National Water-Quality Laboratory in Arvada, Colo., were part of the design. The quality-assurance design was not developed to compare laboratories but to compare specific types of quality-control samples that were submitted with routine samples of ground water to evaluate the objectives. The purpose of using the USGS Laboratory was to provide (1) an independent check of results from the PaDEP Laboratory for blank samples to evaluate false positives, (2) independent confirmation that preparation of laboratory-water spikes and ground-water spikes by the USGS field personnel was valid and resulted in the concentrations expected based on spike calculations, (3) an independent check of the PaDEP Laboratory results to evaluate false negatives, and (4) an independent set of ground-water-sample results to evaluate whether the sample matrix affected pesticide recovery. In addition, using two laboratories to analyze split samples provided additional documentation of the measured concentrations in ground water.
All quality-control samples were blind samples; that is, the laboratories did not know the qualitycontrol samples were any different than routine ground-water samples. Replicate samples were processed and spike samples were prepared in the laboratory at the USGS in Lemoyne, Pa., hereafter termed "Lemoyne laboratory." The reason the samples were prepared and how the laboratories were used are described below.
Field Blanks
Blank samples were used to determine if contamination was occurring in any stage of sample processing in either the field or laboratory that would result in false positives. Blanks were for evaluation of false positives. The random spatial design called for blanks at 20 percent of the sampling cells. Five field blanks were collected during the field season at five field sites for analysis by the PaDEP Laboratory. Four of the five blanks were split at the Lemoyne laboratory and submitted to both the PaDEP Laboratory and the USGS Laboratory for analysis.
Spikes
Spikes were for evaluation of false negatives and bias in pesticide recovery. A spike not detected was a false-negative result. The random spatial design called for ground-water spikes at 20 percent of the sampling cells. Ground water for five spikes were collected at five field sites. All were split at the Lemoyne laboratory and submitted to both the PaDEP Laboratory and the USGS Laboratory for analysis. The temporal design was to check for false negatives at 10 percent of the sampling cells using laboratory waters spiked with pesticides. These waters were submitted to the PaDEP Laboratory with samples from three cells-10, 20, and 30-in an attempt to distribute the information throughout the field season. Two of the three laboratory-water spikes were split at the Lemoyne laboratory and submitted to the PaDEP Laboratory and the USGS Laboratory for analysis. The triplicate samples, prepared for cells 10, 20, and 30, were designated lab spike 10-1, 10-2, 10-3, 20-1, and so forth. A second aspect of the temporal design was to compare spike recovery for samples collected on the same day. This involved analysis of results for two sets of spikes prepared from waters on the same day. This was done twice (on two different days) and involved samples from four sites.
Spike recovery was used to evaluate bias. Concentrations in a 0.3 to 0.5 µg/L range were selected for spikes in order to evaluate bias near the trigger concentration for action by PDA under the Pesticides and Ground Water Strategy. The range also was selected to match measured concentrations in ground water determined by earlier studies. Concentrations from earlier studies were summarized by Lindsey and Bickford (1999) . All laboratorywater spikes were prepared at a concentration of 0.4 µg/L.
Recovery results from laboratory-water spikes and ground-water spikes were used for evaluation of bias from ground-water matrix interference. Matrix interference is not expected for laboratorywater spikes. The design compared recoveries of spikes in laboratory water and in ground water. The three laboratory-water spikes and five groundwater spikes were again used for this evaluation.
Replicates
Replicates were used for evaluation of overall variability. The design involved 1) evaluation of the triplicate results from the PaDEP Laboratory for three laboratory-water spikes and 2) evaluation of duplicate results from the PaDEP Laboratory for seven ground-water samples. The triplicates and duplicates were from the temporal and random spatial components of the design, respectively.
For the three replicates of spiked laboratory waters, four-way splits were prepared at the Lemoyne laboratory for determination of variability. Three triplicates were submitted to the PaDEP Laboratory, and twice, a single sample was submitted to the USGS laboratory as a independent verification check on spike concentration.
Seven replicates of ground waters were prepared at the Lemoyne laboratory, three as two-way splits of samples and four as three-way splits for evaluation of variability. The two-way splits were submitted as duplicate samples only to the PaDEP Laboratory. The three-way splits of the samples were used to prepare a duplicate for the PaDEP Laboratory and a single sample submitted to the USGS laboratory as an independent verification check on concentration. A split submitted to both laboratories is hereafter termed a 2-lab split.
Splits (2-lab)
Four additional samples, not part of other quality-control sample types, were prepared as 2-lab splits and were used to further evaluate false negatives and bias. The interest was in determining how often the PaDEP Laboratory detected the 'true' presence of a pesticide. The USGS Laboratory results were used to help determine the 'true' values. The unspiked ground water analyzed with each of the five spiked ground waters also was categorized as a 2-lab split. In total, 11 samples were prepared as 2-lab splits, including the 5 spike-related ground waters, 2 additional samples prepared as three-way split replicates, and these 4 additional samples.
Assessment Area for Application of the Design
The 30 sampling cells subdividing the assessment area in Lebanon, Berks, Lehigh, and Northampton Counties are shown in figure 1 along with the locations and local well numbers of the 29 wells chosen to represent 28 of the cells. The wells were assigned a local number and another identifier for the USGS and PDA computer systems, respectively. The identification numbers and records of wells sampled for the assessment and for the quality-assurance design are provided in table S-1 (Supplemental Data section). Wells representative of agricultural areas could not be located for sampling in cells 17 and 23. Two wells were sampled in cell 14. The assessment was completed with 28 samples from 27 of the 30 cells. The sample from cell 15 was lost. The cells and local well numbers associated with the types of quality-control samples are provided in table 2.
Field and Lemoyne Laboratory Procedures
Sample collection for the monitoring component of the Pesticides and Ground Water Strategy is not restricted to a specific time of year. In well waters having high concentrations of pesticides, PDA has found that the concentrations show little fluctuation with season (John W. Pari, Pennsylvania Department of Agriculture, oral commun., 1997). The sampling for this assessment started during the harvest season in October 1997 and ended in February 1998, months after the primary pesticide-application period for row crops in the spring and early summer of 1997.
Sampling supplies were prepared at the Lemoyne laboratory each day before field work began. The 3-L Teflon bottles used to collect samples were cleaned with Liquinox detergent and triple rinsed with both tap water and deionized water. The bottles were allowed to dry, and an empty weight was determined.
Samples for analysis were submitted to the laboratories in 1-L amber glass bottles. Bottles from two suppliers were used. I-Chem brand bottles were provided by the PaDEP Laboratory for use by PDA and were certified by the manufacturer to be free of organics. Bottles used for samples submitted to the USGS Laboratory were supplied for field use by the USGS Quality of Water Services Unit in Ocala, Fla.
Water for preparation of blank samples and laboratory-water spikes was obtained through the USGS Laboratory from commercial sources of laboratory supplies. Waters from three lot numbers were used for the study. Each lot was certified as laboratory water for use in blanks; the eight pesticides were not detected by independent analyses of the lots by the USGS Laboratory. For field preparation of blank samples, pesticidefree laboratory waters were transported to the field with the bottles and other supplies. The pesticidefree laboratory water was added to the 3-L Teflon bottles to simulate the procedures used in collection of ground-water samples. At the sampling site prior to sample collection, a raw-water faucet was opened to allow the water from the well to flow into a bucket. Temperature and specific conductance of the water were monitored until measurements were stable at 5-minute intervals. Samples from the raw-water faucet were then collected in one or more of the 3-L bottles. If sediment or particulate matter was visible in the samples, the waters were to be filtered through glass-fiber membranes with pore-size openings of 0.7 microns. None of the samples required this filtration step. The waters submitted to the laboratories were free of visible sediment and particulates. No preservatives were added.
Depending on the type of quality-assurance sample being prepared, the water from the 3-L bottles was either transferred directly to the 1-L glass bottles and stored in a cooler on ice or the 3-L bottles were placed in a cooler on ice for processing and shipment to the analytical laboratories. Samples were transported to the Lemoyne laboratory for processing and shipment.
At the Lemoyne laboratory, spiked samples were prepared by adding known herbicide amounts to the samples. The samples in the 3-L Teflon bottles were weighed for volume determination, using unit density to convert mass to volume. Spike mixtures manufactured by Supelco, Inc., and certified by the USGS Laboratory were obtained from the USGS Laboratory. A 100-microliter variable-volume micropipet with replaceable glass bores was used to dispense predetermined aliquots of the spike mixture to the water samples in the 3-L Teflon bottles. Calculations for spike concentrations in the 0.3 to 0.5 µg/L range were made from concentration data (Supelco, Inc.) for pesti- The overall errors in measuring sample volume and the volume of spike mixture were estimated to be 2 percent of the final spiked concentration. After spiking, the total sample volume from multiple 3-L bottles was thoroughly mixed by shaking and stirring and then split by pouring waters from the 3-L bottles into 1-L glass bottles in equal-volume aliquots. The water samples in glass bottles were kept chilled and delivered to the laboratories for analysis within 24 hours after collection.
A single water sample submitted to the PaDEP Laboratory comprised two 1-L glass bottles of sample. Thus, a duplicate sample to PaDEP (or intra-lab split) comprised four 1-L glass bottles of sample all split from two 3-L bottles of the initial sample. One 1-L glass bottle was submitted to the USGS Laboratory for each sample.
Analytical Laboratory Procedures
The two laboratories used different methods for pesticide extraction from water prior to analysis. Extraction methods used by the PaDEP Laboratory involved a liquid-liquid extraction procedure as described in USEPA Method 507 (U.S. Environmental Protection Agency, 1988). USGS used a solid-phase extraction procedure described by Zaugg and others (1995) . USGS methods concentrate the extract to about one-fifth of the volume used in Method 507.
Analytical methods for the eight pesticides differed between laboratories and resulted in different method detection limits (MDL's). The MDL is statistically determined and is defined to be the minimum pesticide concentration that can be identified, measured, and reported with 99-percent confidence that the concentration is greater than zero. The MDL is intended to protect against false-positive results.
The PaDEP Laboratory used a modification of USEPA Method 507; a mass spectrometer detector was substituted for the nitrogen-phosphorus detector specified in Method 507. The PaDEP Laboratory operated the detector in full-scan monitoring mode. The PaDEP set the reporting levels for the pesticides to 0.3 µg/L and set the MDL's at 0.1 µg/L. USGS used a mass spectrometer detector operated in the selected-ion monitoring mode. The concentrations measured by the USGS laboratory were at reporting levels of 0.005 µg/L or less for the eight pesticides. A summary of the reporting levels or quantitation limits for the two laboratories is provided in table 4. 
Data Analysis
The procedures or statistical methods used to analyze the results by sample type are described in this section. The description begins with methods for blanks and then includes methods for analysis of data resulting from spikes, replicates, and splits.
Field Blanks
To determine if there was sample contamination and how that may bias an environmental sample, analyses results of field blanks were tabulated to determine the number of detections (false positives) and obtain summary statistics for the concentrations in blanks. Results from the PaDEP Laboratory and the USGS Laboratory were compiled for splits of the blank samples submitted to both laboratories. This compilation ensured that pesticide concentrations in blanks were described over the range of reporting limits listed in table 4 for the two laboratories.
Spikes
Bias was determined by evaluating how close the measured concentrations are to the 'true' or known sample concentration. The rate of falsenegative results was determined for the eight pesticides in laboratory water spikes and in groundwater spikes as a percentage of the total number of each type of spike.
Analysis of the recovery of pesticides spiked into water at concentrations ranging from 0.31 µg/L to 0.51 µg/L was used to assess bias of results. The spike-recovery calculations require the following information for each pesticide: 
2. Calculate the spike concentration measured by the laboratory, in micrograms per liter:
3. Take the ratio of measured to prepared concentrations to determine recovery, in percent:
In the calculations for laboratory-water samples, C unsmeas was set to zero.
Graphical techniques and summary statistics were used to compare recoveries among samples for each pesticide. Recovery results were tabulated, summary statistics were computed, and results were compared to the data-quality objective that recoveries be within plus or minus 10 percent of the 'true' or 100-percent value.
To evaluate the use of internal surrogate recoveries to estimate recoveries of spiked pesticides, internal surrogate recoveries were correlated with pesticide recoveries for the same sample. Recoveries of the internal surrogate 1,3-dimethyl-2-nitrobenzene were reported by the PaDEP Laboratory, and three other internal surrogates-diazinon-d 10 , terbuthylazine, and lindane (alpha-HCHd 6 )-were reported by the USGS Laboratory. The laboratories monitor these recoveries to determine if the analysis is within a control-limit range set for the analytical method. The range for the PaDEP method was 60-120 percent or 70-120 percent depending on the sample. Results that show poor (or out-of-range) surrogate recoveries generally require samples be reanalyzed by the laboratory. In some instances, if the original water sample cannot be re-extracted, water may need to be resampled from the well.
The exact form of the rank-sum test (Helsel and Hirsch, 1992, p. 120 ) was used to compare the recovery summary statistics for laboratory-water spikes and ground-water spikes to determine if there was a significant bias caused by interference from the ground-water matrix.
Replicates
Variability is a measure of how well detections, concentrations, and recoveries can be reproduced. To evaluate variability of detections, equivocal detection results (a measured detection and nondetection for splits of the same sample) were tabulated for duplicate ground-water samples submitted to the PaDEP Laboratory. The result from the USGS Laboratory for the sample was then used as an independent check in cases of disparate results from the PaDEP Laboratory. The USGS result provided an independent way to determine if the nondetection or the detection was correct. To evaluate concentration variability, replicate samples submitted to the PaDEP Laboratory were analyzed two ways. For determination of differences between duplicate samples where results were greater than the reporting limit, the Relative Percent Difference (RPD) was calculated. The RPD, a statistic that represents the difference between two measurements (X 1 , X 2 ) relative to their average, was calculated as follows:
For determination of differences between triplicate samples where results were greater than the reporting limit, the Relative Standard Deviation (RSD) was calculated as follows:
where s is the standard deviation of triplicate results, and C-bar is the mean concentration of the triplicate results.
The RSD is also known as the coefficient of variation.
Splits (2-lab)
Detection summaries were prepared as part of the overall assessment of agricultural pesticides in ground water. The percentages of false negatives combined with graphical techniques were used to evaluate results for the 11 ground-water samples analyzed by both laboratories.
QUALITY-ASSURANCE RESULTS
The results are presented by type of qualitycontrol sample. Discussion of the results focuses on addressing the design goals and whether the results met the data-quality objectives.
Field Blanks
The results of analyses of five field-prepared blank samples of laboratory water showed no evidence of any sample contamination at or above a concentration of 0.3 µg/L. Data for the blank samples are given in tables S-2 and S-3 (Supplemental Data section) for the PaDEP Laboratory and USGS Laboratory, respectively. The data indicate the three lots of pesticide-free laboratory water used for quality assurance had no detectable concentrations of the eight pesticides. The results for five field blanks indicate that collection, processing, transport, and laboratory-analysis procedures did not contaminate the samples. In addition, the last four field blanks were collected following collection of samples in which pesticides were detected, which demonstrates the cleaning procedures were effective in decontaminating the sampling equipment. Therefore, pesticide detections in ground waters were due to the presence of the pesticide in ground water and were not to be attributed to contamination from sample processing in either the field, the Lemoyne laboratory, or the analytical laboratories. The first data-quality objective was met.
Spikes
Results for laboratory water are presented first, then the ground-water results are presented. The results were evaluated to first address the question of false negatives (data-quality objective 2) and then to evaluate bias (data-quality objective 3). Matrix interference from ground water, as a cause of bias, was then addressed. In summary, there were no false negatives for the eight pesticides in all spiked samples. The second data-quality objective, for small numbers (less than 5 percent) of false negatives in analyses of ground water, was met.
To evaluate bias (data-quality objective 3), the results in tables S-4, S-5, S-6, and S-7 (Supplemental Data section) were used in equation 1 to calculate pesticide recoveries. On the basis of results from the laboratory blanks, setting C unsmeas to zero in equation 1b for laboratory water was a valid procedure. The results of the calculations of recoveries are given in table S-8 (Supplemental Data section) along with summary statistics for recovery in laboratory water and in ground water. Recovery data for pesticides in addition to the eight evaluated herein are summarized by Durlin and Schaffstall (1999, p. 395-399) .
Negative bias is a normal and accepted characteristic of analytical methods for pesticides (U.S. Environmental Protection Agency, 1988, p. 167; Zaugg and others, 1995) . Negative bias comes from measured concentrations that are generally lower than expected. In samples with very small concentrations of pesticides, a small (0.1 µg/L) difference in measured concentration can result in a large difference in recovery. In a sample spiked for example at 0.5 µg/L, a result of 0.3 µg/L would yield a recovery of 60 percent; a result of 0.4 µg/L would yield a recovery of 80 percent. Bias results for PaDEP analyses were compared against Method 507 results in U.S. Environmental Protection Agency (1995).
Negative bias was characteristic of results for the eight pesticides. Spike recoveries in laboratory water by the PaDEP Laboratory ranged from medians near 76 percent for alachlor, atrazine, chlorpyrifos, metolachlor, and pendimethalin to 107 percent for cyanazine. The median recovery for pesticide spikes in ground water was as low as 65 percent for atrazine and as high as 97 percent for cyanazine. The results for cyanazine were dissimilar from the other pesticides and were characterized by high positive bias in 7 of the 13 spikes analyzed for cyanazine. The recoveries for cyanazine in Lab-Spike-10 were in excess of 250 percent. The median results for alachlor, atrazine, metolachlor, metribuzin, and simazine in laboratory water and ground water were lower than the results, some by as much as 20 percent, reported in the Method 507 documentation (U.S. Environmental Protection Agency, 1995). The USEPA results were for recovery of concentrations between 0.75 µg/L (simazine) and 7.5 µg/L (metolachlor)-concentrations generally many times higher than the concentrations used in this study-and were not directly comparable to the results presented here. The USEPA results also do not include data for chlorpyrifos, cyanazine, or pendimethalin. Standard deviation of recovery was as low as 7 percent for alachlor and simazine and as high as 17 percent for cyanazine. The standard deviations of the percent recovery in table S-8 were similar to the USEPA results for ground water.
A rank-sum test of the results for laboratory water and ground water showed no significant difference (alpha=0.05) in spike recovery for any of the eight pesticides. Thus, the ground-water matrix did not contribute to matrix interference.
The magnitude of the negative bias for the eight pesticides, with the exception of cyanazine, would result in reported concentrations commonly 75-80 percent of the expected ('true') concentration in the water sample. To relate recovery results to data-quality objective 3, spike recovery for the five state management plan pesticides in ground water and the 20 percentage point range (from 90 to 110 percent) acceptable for objective 3 are illustrated in figure 2. The results (table S-8 and figure 2) show that the bias in the recovery was not within 10 percent of the 'true' (100 percent recovery) result for at least half of the results for each pesticide. The laboratories were unable to consistently provide results to within 10 percent of known concentrations for ground water over the course of the study.
The recovery data for the internal surrogate 1,3-dimethyl-2-nitrobenzene (tables S-4 and S-6 in Supplemental Data section) were checked for correlation with the spike recovery. For the six spikes, three of laboratory water and three of ground water, where surrogate recovery and spike recovery were quantified, correlations were too small for the relations to be of any practical use. Two other spikes of ground water analyzed by the PaDEP Laboratory had "poor" internal surrogate recoveries. Poor internal surrogate recovery did not correspond to anomalous results for spike recovery. Internal surrogate recoveries for 1,3-dimethyl-2-nitrobenzene could not be used to determine the pesticide recoveries.
Bias from laboratory rounding of measured concentrations to the tenth of a microgram for reporting purposes was an issue not addressed for this study. Rounding, as a source of bias, could contribute about 10 percent to the overall bias if, for example, a 0.44 µg/L concentration in a sample was reported as 0.4 µg/L. This type of bias could be negative, as in the example, or positive. Relating to this issue, for the last samples analyzed by the PaDEP Laboratory for the assessment in April 1998, the results were reported to hundreths of a microgram.
In summary, the majority of results did not meet data-quality objective 3. For analytical results from the PaDEP Laboratory, bias was nearly always negative (38 of 39 analyses or 97 percent of the ground-water results) and generally in excess of 10 percent from the 'true' or expected concentration (34 of 39 analyses or 87 percent of the ground-water results) for pesticides at concentrations ranging from 0.31 to 0.51 µg/L. Cyanazine results were unusual, meeting the data-quality objective in three of the five ground-water spikes yet overall exhibiting the largest (50 point) range in recovery percentage. Results were better for laboratory-water spikes than for ground water; 63 percent of laboratory-spike results were in excess of 10 percent from the 'true' or expected concentration. A rank-sum test of the results for laboratory water and ground water showed no significant difference (alpha=0.05) in spike recovery for any of the eight pesticides. From this test result, the ground-water matrix did not contribute to bias.
To put the negative bias in the context of concentrations that would trigger actions by PDA (0.7 µg/L of alachlor, for example; see table 1), a 75-percent recovery value means an alachlor concentration of 0.53 µg/L measured by the PaDEP Laboratory would be equal to an environmental concentration of 0.7 µg/L. Thus, a laboratory report showing a concentration of 0.53 µg/L alachlor should prompt PDA to trigger action for the Pesticides and Ground Water Strategy.
Replicates
Spiked replicates (laboratory water) were used for evaluating variability in pesticide recovery. Unspiked replicates (ground water) were used for evaluating variability in pesticide concentration. Results for laboratory water are presented first, then the ground-water results are presented. The results were evaluated to determine if variability was small (10 percent or less, data-quality objective 4).
Variability was estimated using the results for the laboratory-water spikes submitted in triplicate to the PaDEP Laboratory (table S-4). The RPD was calculated for lab-spike 10 and the RSD for labspikes 20 and 30. The RPD was zero for all pesticides except cyanazine (RPD of 10 percent) in lab-spike 10. In the two triplicates, the RSD was zero for chlorpyrifos, metolachlor, metribuzin, and simazine; the RSD for alachlor, cyanazine, and pendimethalin ranged from zero in lab-spike 30 to as high as 20 percent in lab-spike 20; and the RSD for atrazine in the two triplicates ranged from 13 to 18 percent. The recovery percentages that characterize these samples are shown in table S-8. In both cases, the result for one sample of the three in the triplicate series was different.
No ground-water samples were prepared as replicate spikes for this study. Summary statistics for variability in recovery for laboratory-water spikes, including the RSD, for the eight samples are listed in table S-8. The RSD in table S-8 is a measure of variability of the method over the course of the study for laboratory waters at a concentration of 0.4 µg/L. An RSD of about 11 percent (or about ±0.05 µg/L) characterizes the method results for alachlor, chlorpyrifos, metolachlor, metribuzin, and simazine. Atrazine and pendimethalin have RSD values of about 17 and 23 percent, respectively. Cyanazine showed a large RSD at nearly 51 percent.
The statistics summarizing variability in recovery results for spiked ground-water samples also are listed in table S-8. The pesticides with low variability in laboratory-water spikes also had low variability in ground water. The RSD for PaDEP lab results is about 10 percent for alachlor, chlorpyrifos, metolachlor, metribuzin, and simazine (table S-8). The RSD values for atrazine, pendimethalin, and cyanazine are high relative to the five other pesticides. Ground-water results were consistent with results for laboratory water.
By combining the results for laboratory water and ground water in table S-8, a combined RSD was calculated for the eight pesticides. The combined percent RSD was 11 for alachlor, 19 for atrazine, 12 for chlorpyrifos, 52 for cyanazine, 12 for metolachlor, 13 for metribuzin, 22 for pendimethalin, and 13 for simazine. The combined RSD for alachlor, chlorpyrifos, metolachlor, metribuzin, and simazine is considered low enough to meet the requirement of data-quality objective 4. Results for atrazine, cyanazine, and pendimethalin do not meet data-quality objective 4. The nature and magnitude of RSD values for the different pesticides underscores the importance of using spikes and the results of spike recovery when evaluating pesticide concentrations in ground water.
Concentration variability in unspiked ground water was difficult to determine because of the large proportion of "less than quantitation limit" results (table S-9). For seven ground-water samples submitted to the PaDEP Laboratory in duplicate, only one duplicate analysis had two measured concentrations greater than the reporting level (atrazine in samples from BE 1622). Two other samples had estimated concentrations in duplicate atrazine analyses (samples from LB 1169 and NP 643). Metolachlor also was detected in the duplicate from NP 643. In an attempt to quantify the differences, the RPD was calculated for these samples. The RPD was zero for atrazine and 40 percent for metolachlor. Two samples in seven had an inconsistency in results between duplicate analyses-an estimated detection of 0.2 µg/L and a "less than reporting level" result for atrazine in samples from well BE 1624 and well BE 1625. The samples from wells BE 1624 and BE 1625 were not among the 3-way split samples analyzed by the USGS Laboratory and the disparate results could not be further qualified. For two of the seven duplicate samples or about 25 percent, the presence of atrazine remained in question. Again, these results for atrazine do not meet data-quality objective 4.
The evaluation of variability from the perspective of the temporal design was accomplished primarily with the triplicate samples of laboratorywater spikes. In addition, the variability of recovery results among ground-water samples collected on the same day is shown in figure 2 and provides additional insight on use of a temporal design. The five samples included in figure 2 were collected on 3 days; bars showing recovery for samples collected on the same day are labeled with the date of collection. Although the spike concentrations were different for each sample on the 2 days, the within-day variability is apparent. The magnitude of variability for samples on a single day contributes to and appears to be described well by the overall variability summarized above.
The description of variability reinforces the point that the only way to assure the quality of the concentration data is to regularly submit spike samples to evaluate recovery in ground water. Both random spatial and temporal designs could be used to guide submission of these samples.
Splits (2-lab)
The results for the 11 samples are listed in table S-10 (Supplemental Data section). In the split samples, there were eight detections of atrazine, one detection of metolachlor, and no detections of alachlor, chlorpyrifos, cyanazine, metribuzin, pendimethalin, or simazine by the PaDEP Laboratory. The results from the USGS Laboratory supported the PaDEP results and showed no detections for the 11 splits at concentrations greater than 0.05 µg/L for alachlor, chlorpyrifos, cyanazine, metribuzin, pendimethalin, or simazine. For metolachlor, the results from the USGS Laboratory supported the PaDEP results in the one sample where metolachlor was detected by the PaDEP Laboratory. The eight other metolachlor detections by USGS were at concentrations too small (less than 0.06 µg/L) to be reported even as estimated concentrations in the PaDEP Laboratory results. Atrazine concentrations less than 0.13 µg/L reported by the USGS Laboratory were not detected or reported as estimated concentrations by the PaDEP Laboratory ( fig. 3) . Atrazine concentrations greater than 0.13 µg/L reported by the USGS Laboratory also were reported as detections by the PaDEP Laboratory. These results, no false-negative results for atrazine and metolachlor, support the earlier findings for dataquality objective 2.
ASSESSMENT RESULTS FOR PESTICIDE CONCENTRATIONS IN GROUND WATER
Results showed measured concentrations of the eight pesticides in ground water from wells in carbonate bedrock aquifers in the assessment area were generally less than 0.3 µg/L. In water samples from 28 wells, only 6 individual measurements of the concentrations in water from 6 of the wells were at or above 0.3 µg/L, 5 for atrazine and 1 for metolachlor. No well water had more than one pesticide at concentrations at or above 0.3 µg/L. In addition, the assessment results showed:
• No chlorpyrifos, cyanazine, metribuzin, or pendimethalin was detected in ground water.
• Atrazine was detected in water from 22 of the 28 wells sampled. Two of the 22 detections were in question on the basis of results of duplicate analyses.
• The atrazine concentration of 0.5 µg/L in water from well NP 805 was the largest atrazine concentration measured. The atrazine concentration that triggers action by PDA under the Pesticides and Ground Water Strategy would be a measured concentration of approximately 0.75 µg/L if the spike-recovery data from this study hold true at concentrations greater than 0.5 µg/L.
• At four wells, resampling in April 1998 confirmed atrazine detections from November 1997 and indicated atrazine concentrations were the same or differed less than 0.1 µg/L in groundwater samples collected 5 months apart.
• Metolachlor was reported at a concentration of 0.3 µg/L in water from well NP 643. The 0.3 µg/L metolachlor concentration is well below the 33 µg/L trigger concentration for metolachlor. Eight additional detections of metolachlor were at concentrations below 0.06 µg/L in other well waters. All eight were in waters where atrazine was detected.
• Simazine was detected in water from eight wells at concentrations of 0.04 µg/L or less. Seven of the eight detections were in water where metolachlor also was detected. All eight waters where simazine was detected contained atrazine.
• Evidence exists for a pattern of cooccurrence of metolachlor and simazine at low concentrations with higher atrazine concentrations.
SUMMARY AND CONCLUSIONS
The U.S. Geological Survey (USGS) in cooperation with Pennsylvania Department of Agriculture (PDA) completed a study to demonstrate the application of a quality-assurance design to the monitoring component of the Pesticides and Ground Water Strategy. The design was to evaluate the bias and variability of laboratory measurements of pesticide concentration. The USGS role was to develop the quality-assurance design, assist PDA in the application of the design to a selected assessment area, evaluate the results, and report the quality-assurance and assessment results. This report describes the quality-assurance design, describes how the design was applied to a selected assessment area in eastern Pennsylvania, describes procedures used to collect and analyze samples and to evaluate the results, and summarizes the quality-assurance results along with the assessment results.
The design had random spatial and temporal components. Four types of quality-control samples were used to evaluate data-quality objectives: 1) field blanks were used to test for false-positive results, 2) spikes of laboratory water and ground water were used to test for false-negative results and determine bias, 3) replicates of laboratory water and ground water were used to determine variability, and 4) 2-lab splits were used as an additional check for bias. The design included use of two laboratories. The Department of Environmental Protection (PaDEP) Laboratory analyzes the samples collected by PDA for the monitoring component of the Pesticides and Ground Water Strategy to determine pesticide concentration. The second laboratory, a USGS Laboratory, was used to provide supporting information and an independent check on results for the four types of quality-control samples.
The design was applied to an assessment area that included agricultural areas of the Great Valley Section of the Ridge and Valley Physiographic Province in Berks, Lebanon, Lehigh, and Northampton Counties. Wells drilled into carbonate bedrock aquifers were sampled. Bias and variability were evaluated using data collected from October 1997 through January 1998 for five herbicides (alachlor, atrazine, cyanazine, metolachlor, and simazine) for which specific state management plans were required, two additional high-use herbicides (pendimethalin and metribuzin) and a high-use insecticide chlorpyrifos.
Results of the evaluation of bias showed:
• False positives (analyses reporting pesticides to be present when there actually were none present) were not a problem. Results for five field blanks indicate collection, processing, transport, and laboratory-analysis procedures did not contaminate the samples. The last four field blanks were collected following collection of samples in which pesticides were detected. These results demonstrate the cleaning procedures were effective in decontaminating the sampling equipment. The first data-quality objective was met; there were no false-positive results.
• Pesticides were detected in water when pesticides were spiked into (added to) samples. There were no false negatives for the eight pesticides in all spiked samples. The second dataquality objective, for small numbers (less than 5 percent) of false negatives in analyses of ground water, was met.
• Negative bias is a normal and accepted characteristic of analytical methods for pesticides. Negative bias comes from measured concentrations that are generally lower than expected. Negative bias was characteristic of results for the eight pesticides. The magnitude of the bias was large enough that the third dataquality objective-for pesticide recovery to be within 10 percent of the 'true' (100 percent recovery) result-was not met. For analytical results from the PaDEP Laboratory, bias was nearly always negative (38 of 39 analyses or 97 percent of the ground-water results) and generally in excess of 10 percent from the 'true' or expected concentration (34 of 39 analyses or 87 percent of the ground-water results) for pesticides at concentrations ranging from 0.31 to 0.51 µg/L (micrograms per liter). The results for cyanazine were unusual, meeting the data-quality objective in three of the five ground-water spikes yet overall exhibiting the largest (50 point) range in recovery percentage. The magnitude of the negative bias for the eight pesticides, with the exception of cyanazine, would result in reported concentrations commonly 75-80 percent of the expected ('true') concentration in the water sample. Therefore, data from calculations of spike recovery need to be used when interpreting measured pesticide concentrations in ground water.
• Neither the pesticide analysis method used by the PaDEP Laboratory nor the method used by the USGS Laboratory could always provide unbiased results to within 10 percent of known concentrations for ground water over the course of the study. Expecting concentrations to be within 10 percent of a true value is unrealistic at the extremely small concentrations at which pesticides commonly are present in ground water. Determining the magnitude of the bias is more important than setting a numerical data-quality objective.
• Even though the third data-quality objective may have been too stringent a requirement, the magnitude of the negative bias, especially for atrazine, was important to document. Atrazine was the pesticide most commonly detected, and recovery results for atrazine were some of the worst (largest negative bias). Atrazine had recoveries in ground water ranging from 58 to 97 percent and a median recovery of 65 percent.
• The magnitude of negative bias indicates the importance of incorporating a quality-assurance design that periodically and routinely includes samples spiked at concentrations expected in ground water as part of the monitoring component of the PDA Pesticides and Ground Water Strategy. Random spatial and temporal designs that provide at least five recovery results to evaluate bias are desirable. The recovery results need to be evaluated before making conclusions about the atrazine concentrations (and other pesticides) in ground water.
• Trigger concentrations, the concentrations that require action under the Pesticides and Ground Water Strategy, should be considered maximums for action. This consideration is needed because of the negative bias in concentration results. Concentrations of alachlor, atrazine, chlorpyrifos, metolachlor, pendimethalin, and simazine measured by the PaDEP laboratory were commonly 20 to 25 percent less than expected in the 0.31 to 0.51 µg/L range.
• Interference in laboratory analyses caused by the composition of the ground-water matrix was not a source of bias for this assessment. Results for spiked laboratory water (no matrix interference) and ground water were compared. A rank-sum test of the results for laboratory water and ground water showed no significant difference (alpha=0.05) in spike recovery for any of the eight pesticides. Thus, the ground-water matrix did not contribute to matrix interference.
Results of the evaluation of variability showed:
• Large variability for recoveries of atrazine, cyanazine, and pendimethalin. Data for the laboratory-water spikes submitted in triplicate to the PaDEP Laboratory were evaluated to determine if variability was small (10 percent or less, data-quality objective 4). The relative standard deviation (RSD) was used as a measure of variability of the method over the course of the study for laboratory waters at a concentration of 0.4 µg/L. An RSD of about 11 percent (or about 0.05 µg/L) characterizes the method results for alachlor, chlorpyrifos, metolachlor, metribuzin, and simazine. Atrazine and pendimethalin have RSD values of about 17 and 23 percent, respectively. Cyanazine showed the largest RSD at nearly 51 percent. The pesticides with low variability in laboratory-water spikes also had low variability in ground water. The RSD's for alachlor, chlorpyrifos, metolachlor, metribuzin, and simazine are considered low enough to meet the requirement of data-quality objective 4. Results for atrazine, cyanazine, and pendimethalin do not meet data-quality objective 4.
• Large variations in pesticide recovery from spiked samples further indicate the need to use data for pesticide recovery in the interpretation of measured pesticide concentrations in ground water. Data from replicate samples spiked with known pesticide amounts are a critical component of a quality-assurance design for the monitoring component of the Pesticides and Ground Water Strategy.
• Variability of concentrations in unspiked ground water was difficult to determine because of the large proportion of samples with pesticide concentrations too small to be detected by the PaDEP Laboratory. In addition to the types of quality-control samples used for this study, replicate samples of spiked ground water would add quality-assurance information. These samples can provide important data on bias and variability. Although no matrix interference from ground water was significant for this assessment area, the quality assurance is especially important as the monitoring is done in the varied geologic settings where variations in the chemistry of the groundwater matrix would be expected.
The use of two laboratories in the qualityassurance design was useful for:
• Certification that spike mixtures obtained from a commercial supplier were manufactured according to the concentration specifications.
• Certification that laboratory water obtained from commercial suppliers for preparing field blanks and laboratory-water spikes did not contain pesticides at concentrations greater than the method detection limit.
• Verification that spikes were prepared correctly by field personnel and had concentrations that were expected on the basis of spike-concentration calculations.
• Verification of pesticide detections. The atrazine results showed that concentrations greater than 0.13 µg/L measured by the USGS Laboratory were detected by the PaDEP Laboratory.
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